Models of firing rate homeostasis such as synaptic scaling and the sliding synaptic plasticity modification threshold predict that decreasing neuronal activity (for example, by sensory deprivation) will enhance synaptic function. Manipulations of cortical activity during two forms of visual deprivation, dark exposure (DE) and binocular lid suture, revealed that, contrary to expectations, spontaneous firing in conjunction with loss of visual input is necessary to lower the threshold for Hebbian plasticity and increase miniature excitatory postsynaptic current (mEPSC) amplitude. Blocking activation of GluN2B receptors, which are upregulated by DE, also prevented the increase in mEPSC amplitude, suggesting that DE potentiates mEPSCs primarily through a Hebbian mechanism, not through synaptic scaling. Nevertheless, NMDA-receptor-independent changes in mEPSC amplitude consistent with synaptic scaling could be induced by extreme reductions of activity. Therefore, two distinct mechanisms operate within different ranges of neuronal activity to homeostatically regulate synaptic strength.
H omeostatic regulation of neuronal activity, the maintenance of neuronal spiking output within an optimal range, is widely considered essential to preserve neuronal processing in the face of changing inputs 1, 2 . Multiple mechanisms that can accomplish this homeostasis have been identified, including synaptic scaling 3 and the sliding modification threshold for Hebbian plasticity 4 . A common feature of these mechanisms is that deviations in neuronal activity away from a target set point elicit a compensatory response in postsynaptic function.
In the sliding threshold model, often referred to as metaplasticity, the threshold for the induction of long-term potentiation (LTP) and long-term depression (LTD) is determined by the history of neuronal spiking such that LTP is favored at the expense of LTD when activity is low, and LTD at the expense of LTP when activity is high [4] [5] [6] . This has been validated in the rodent primary visual cortex (V1), where complete visual deprivation via DE for as little as 2 d lowers the threshold for LTP induction [7] [8] [9] . Lowering the LTP threshold is thought to be mediated by the DE-induced increase in the number of synaptic NMDA receptors (NMDARs) containing the GluN2B subunit, which have slower decay kinetics and may favor LTP 10-12 . In the synaptic scaling model, reduced neuronal spiking increases (and enhanced neuronal activity decreases) the postsynaptic strength of all synapses multiplicatively 13 . These changes result from the synaptic insertion (and removal) of AMPA receptors in a process that is independent of NMDAR activation 13 . Synaptic scaling was first demonstrated in cultured neurons, where bidirectional changes in neural activity elicited compensatory changes in mEPSC amplitude. Changes consistent with this model have also been demonstrated in vivo; in rodents, visual deprivation via DE [14] [15] [16] [17] , intraocular tetrodotoxin injection 18 , lid suture 19 , enucleation 15 and retinal lesions 20 have all been demonstrated to increase the amplitude of mEPSCs in V1. Similarly, deafening by cochlear ablation and whisker trimming increase mEPSC amplitude in the primary auditory and somatosensory cortices, respectively [21] [22] [23] . However, recent studies suggest that changes in overall spike rate may not be sufficient to explain scaling of mEPSCs 24, 25 .
Both the increase in mEPSC amplitude and the reduction in LTP threshold during sensory deprivation are thought to increase spontaneous activity to return the overall neuronal firing rate to a homeostatic set point, thus compensating for the loss of sensory drive. Indeed, long-term dark rearing from birth increases spontaneous neuronal firing in juvenile V1 26, 27 , and DE in adults increases spontaneous firing rates in V1 neurons 28 . However, recent studies indicate that changes in firing rates following changes in visual input can be fast 20, 29 , likely via rapid changes in inhibitory GABAergic circuits 29, 30 , potentially preceding changes at glutamatergic synapses. This raises the possibility that the increase in spontaneous activity may be a contributing factor to, rather than an effect of, homeostasis at glutamatergic synapses. In this study, we re-examined the causal relationship between the recruitment of synaptic homeostasis mechanisms and cortical spike rates by manipulating V1 activity in two models of visual deprivation: dark exposure (DE), which normally induces robust synaptic homeostasis, and binocular lid suture (BS), which does not. Reducing spontaneous firing in V1 prevented the increased mEPSC amplitude and decreased LTP threshold normally induced by DE, whereas increasing firing during BS promoted these changes. In addition, reducing spontaneous firing during DE prevented the upregulation of GluN2B. Blocking GluN2B activity prevented the enhancement of mEPSCs induced by DE, but not the one induced by extreme reductions in neuronal activity. Therefore we propose the following: (i) the deprivationinduced increase in spontaneous firing is not merely a consequence of, but most likely a necessary condition for, synaptic homeostasis;
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(ii) increased mEPSC amplitude during DE reflects Hebbian potentiation of synaptic strength due to reduced induction threshold; and (iii) synaptic scaling can be engaged in vivo, but by reducing neuronal activity to very low levels.
Results
Deprivation-induced metaplasticity does not depend on decreased overall firing activity. Visual deprivation decreases cortical inhibition, which increases spontaneous activity in V1 and lowers the sliding modification threshold for plasticity to favor LTP 7, 26, 27, 29 . We tested whether the increase in spontaneous activity is necessary for the DE induced reduction in the plasticity threshold. We first recorded single-unit activity in awake, headfixed adult mice with chronically implanted multielectrode arrays ( Supplementary Fig. 1 ). Compared to baseline, DE increased the overall spontaneous firing rate in V1 regular-spiking neurons (Wilcoxon rank sum test U(60) = 330.5, P = 0.035) ( Fig. 1a ), spontaneous bursting (U(60) = 211.0, P ≤ 0.001) and inter-burst spike rate (U(60) = 235.0, P ≤ 0.001) ( Supplementary Fig. 2 ). To counteract the disinhibition caused by DE, we employed diazepam, a positive allosteric modulator of GABA A receptors used extensively to reduce cortical firing 31, 32 . Diazepam treatment prevented these changes in spontaneous activity when delivered chronically during DE in both naive ( Supplementary Fig. 1c ) and previously deprived mice ( When delivered acutely, diazepam reduced activity in V1 of controls housed in a normal lighted environment (Wilcoxon signed rank test Z(26) = -3.916, P ≤ 0.001) ( Supplementary Fig. 3a ). Acute diazepam also decreased spontaneous bursting (paired t test t(26) = 4.419, P ≤ 0.001) and inter-burst firing rates (Wilcoxon signed rank test Z(26) = -3.892, P ≤ 0.001) ( Supplementary Fig. 3c,d ). Additional single-unit recordings in anesthetized animals confirmed that the decrease in firing due to a single acute dose of diazepam was long-lasting, in accordance with reports of brain elimination half-life of 8-10 h 33 (one-way repeated-measures ANOVA F(5, 15) = 12.694, P ≤ 0.001) ( Supplementary Fig. 3b ).
Next we asked how a decrease in spontaneous activity during DE would affect the sliding threshold for Hebbian plasticity. We administered diazepam (10 mg/kg i.p., twice daily) during brief DE (2 d). The sliding of the threshold for Hebbian plasticity was evaluated ex vivo, in V1 slices, by performing whole-cell voltage-clamp recordings of the responses of layer II/III pyramidal neurons to extracellular stimulation of layer IV. Hebbian plasticity was induced by pairing presynaptic stimulation with postsynaptic depolarization (see Methods). To ensure that we could detect a shift in the plasticity threshold in favor of LTP, we used a pairing (-10 mV) that was below the threshold for LTP induction in normally reared (NR) subjects. LTD was induced by pairing to -40 mV, which induces LTD in NR subjects. As predicted by the sliding threshold model, and consistent with previous findings 9 , DE promoted the induction of IV→ II/III LTP with this subthreshold pairing protocol in slices prepared from vehicle-treated mice. Diazepam treatment prevented the promotion of LTP by DE (one-way ANOVA F(3, 33) = 8.759, P ≤ 0.001) ( Fig. 1b ). Likewise, DE impaired layer IV→ II/III LTD in slices from vehicletreated, but not diazepam-treated, mice (one-way ANOVA F(3, 33) = 12.251, P ≤ 0.001) ( Fig. 1c ). Notably, diazepam did not affect the threshold for LTP or LTD in NR mice ( Fig. 1b ,c; Holm-Sidak post hoc test P = 0.93 (LTP), P = 0.482 (LTD)). The results indicate that reducing spontaneous activity (by enhancing GABAergic inhibition) during DE prevents the sliding of the modification threshold to favor of LTP and at the expense of LTD.
In a complementary set of experiments, we examined whether increasing neuronal spiking (by decreasing inhibition) could promote metaplasticity during BS, a milder form of visual deprivation that degrades but not eliminates patterned vision [34] [35] [36] . Unlike DE, BS decreased spontaneous activity in V1 (Wilcoxon rank sum test U(64) = 366.5, P = 0.023) ( Fig. 1d ). However, chronic treatment with flumazenil, which blocks endogenous activation of the benzodiazepine site of GABA A receptors 37 , increased overall spontaneous firing rates (Wilcoxon rank sum test U(49) = 204.5, P = 0.015) and spontaneous bursting (U(49) = 193.0, P = 0.013) in BS mice ( Fig. 1d and Supplementary Fig. 2a,b ). Acute flumazenil administration in NR controls increased overall spontaneous firing (Wilcoxon signed rank test Z(20) = 3.076, P = 0.002), bursting (t(20) = -3.797, P ≤ 0.001) and inter-burst rates (Z(20) = 3.041, P = 0.002, Wilcoxon signed rank test) ( Fig. 1d and Supplementary Fig. 3a,c,d ). Additional single-unit recordings in anesthetized animals confirmed that an acute dose of flumazenil produced a long-lasting increase in firing (one-way repeated-measures ANOVA F(5, 15) = 12.844, P ≤ 0.001) ( Supplementary Fig. 3b ).
Next we tested whether flumazenil treatment (10 mg/kg i.p., twice daily) would promote metaplasticity during BS. BS alone was not sufficient to slide the threshold for LTP, revealed by the absence of synaptic potentiation using the subthreshold pairing protocol ( Fig. 1e ). However, flumazenil treatment during BS lowered the threshold for LTP, allowing potentiation to occur (one-way ANOVA F(3, 29) = 9.848, P ≤ 0.001) ( Fig. 1e ). Conversely, BS (alone or with flumazenil) impaired layer IV→ II/III LTD (one-way ANOVA LTD: F(3, 28)= 15.724, P ≤ 0.001) ( Fig. 1f ). Flumazenil did not affect the threshold for LTP or LTD in NR controls ( Fig. 1e ,f; Holm-Sidak post hoc test P = 0.990 (LTP), P = 0.710 (LTD)). Together, these findings suggest that an increase in spontaneous activity combined with a decrease in patterned vision is necessary and sufficient to lower the synaptic modification threshold in favor of LTP.
Decreased activity during visual deprivation does not increase mEPSC amplitude. We next sought to determine whether spontaneous activity affects other types of plasticity induced by visual deprivation, such as the increase in mEPSC amplitude, thought to reflect homeostatic scaling up of synaptic strength. In these experiments, mEPSC amplitude was measured in layer II/III pyramidal neurons. As expected from previous studies 14 , 2 d of DE induced a robust increase in mEPSC amplitude in vehicle-treated mice ( Fig. 2a,b ). We then combined DE (to eliminate visually evoked activity) with diazepam (to decrease spontaneous activity). The synaptic scaling model predicts this combination would result in a larger increase in mEPSC amplitude than DE alone 3, 18 . Surprisingly, we found that diazepam treatment (10 mg/kg, i.p. twice daily) during DE prevented the increase in mEPSC amplitude ( Fig. 2a,b and Supplementary Table 1 ). Similarly, the increase in mEPSC amplitude by DE was blocked when diazepam was infused directly into the lateral ventricle (t test t(44) = 2.589, P = 0.013) ( Supplementary Fig. 4 ). Diazepam treatment had no effect on mEPSC amplitude in NR controls ( Fig. 2a ,b) (one-way ANOVA F(3,46) = 4.909, P = 0.005; Holm-Sidak post hoc NR vehicle vs. diazepam P = 0.831).
To further test whether increased spontaneous neuronal activity during visual deprivation is required to increase mEPSC amplitude, we again used BS, a milder form of visual deprivation. BS alone is insufficient to increase mEPSC amplitude 15 (Fig. 2c,d ) or increase spontaneous neuronal spike rate ( Fig. 1d ). To ask whether the failure of BS to increase mEPSC amplitude was due to insufficient spontaneous activity, we increased spontaneous neuronal activity with flumazenil. Flumazenil treatment during BS did increase the mEPSC amplitude (one-way ANOVA F(3, 79) = 5.716, P ≤ 0.001) ( Fig. 2c,d and Supplementary Table 2 ). In contrast, flumazenil alone did not affect the magnitude of mEPSCs in NR controls ( Fig. 2d ,e; Holm-Sidak post hoc test P = 0.995). Together, these findings show that the homeostatic increase in mEPSC amplitude by visual deprivation requires an increase in spontaneous activity.
Allosteric modulators of GABA A receptors regulate activity by acting on synapses made by many types of interneurons. However,
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NATurE NEuroSCIENCE disinhibition during visual deprivation has been specifically attributed to a reduction in the output of parvalbumin-positive interneurons (PV-INs) 29 . Therefore, we asked whether targeting PV-IN activity is sufficient to induce changes in mEPSC amplitude during visual deprivation. In a first set of experiments, we increased the excitation of PV-INs by administering neuregulin-1 peptide (NRG1) to NR or DE mice. Systemic delivery of NRG1 increases excitatory drive onto PV-INs 38 and decreases spontaneous firing rates in regular-spiking neurons in V1 28 . NRG1 treatment (10 ng/kg i.p. twice daily) during DE blocked the increase in mEPSC amplitude ( Fig. 3a,b ) (one-way ANOVA F(3, 102) = 5.720, P ≤ 0.001), in accordance with the effects of diazepam.
Second, we used viral expression of a G i -coupled DREADD (designer receptor exclusively activated by designer drugs) to reduce the activity of PV-INs 29 . AAV9 encoding Cre-dependent G i -DREADD and mCherry was injected into the left hemisphere of V1 (layer II/III) in PV-cre mice. As expected, activation of the DREADD via clozapine-N-oxide (CNO) administration (5 mg/kg, i.p.) increased spontaneous activity of pyramidal neurons in G i -DREADD-infected hemispheres (two-tailed paired t test, t(30) = -4.094, P ≤ 0.001) ( Supplementary Fig. 5 ). We then subjected mice to either 2 d of normal rearing or 2 d of BS, with concurrent CNO delivery to both cohorts (5 mg/kg i.p. twice daily). mEPSC amplitude was significantly higher in G i -DREADD-expressing hemispheres from BS mice compared to uninjected control hemispheres and control NR mice (one-way ANOVA F(3, 101) = 5.359, P = 0.002) ( Fig. 3c,d) . Thus, increasing spontaneous pyramidal neuron spiking by reducing PV-IN activity enables mEPSC amplitude to increase during BS.
Decreased spontaneous activity during DE prevents GluN2B upregulation. Changes in the composition and function of
NMDARs mediate the sliding of the modification threshold for LTP and LTD induction 8, 11 . DE increases the expression of the GluN2B subunit, and as little as 2 d of DE is sufficient to induce this change in layer II/III of V1 9, 12, 39 . Since reducing spontaneous activity prevents lowering the synaptic modification threshold during visual deprivation, we asked whether it also prevents the upregulation of GluN2B by DE. The GluN2B component of the evoked (layer IV→ II/III) NMDAR current was measured in NR and DE mice treated with 
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NATurE NEuroSCIENCE diazepam or vehicle. As expected 9 , 2 d of DE increased the GluN2B component in controls, as evidenced by an increase in the percentage of NMDA receptor current blocked by the GluN2B-specific antagonist ifenprodil (3 μ M) (t test: vehicle treated t(36) = 2.360, P = 0.024; untreated t(35) = 2.410, P = 0.021) and an increase in the duration of the NMDAR current decay (τ w ; see Methods) (t test: vehicle treated t(66) = 4.277, P ≤ 0.001; untreated t(50) = 3.230, P = 0.002) ( Fig. 4a, Supplementary Fig. 6a and Supplementary Table 3 ). Diazepam treatment (10 mg/kg, i.p.; twice daily for 2 d) during DE prevented these changes (Wilcoxon rank sum test: percentage blocked U(37) = 180.0, P = 0.790; τ w U(67) = 488.0, P = 0.213) ( Fig. 4b and Supplementary Table 3 ). Similarly, changes in NMDAR composition and function were blocked when diazepam was directly infused into the lateral ventricle by an osmotic minipump during DE (2 mg/mL, 0.5 μ L/h; see Methods) (t test, vehicle vs. diazepam: percentage blocked t(36) = 2.145, P = 0.039, τ w t(54) = 2.233, P = 0.030) ( Supplementary Fig. 6b ). These findings support the idea that increased spontaneous activity during DE is necessary to increase GluN2B function.
GluN2B blockade during DE prevents the increase in mEPSC amplitude. Our findings indicate that two of the consequences of visual deprivation, lowered threshold for LTP and increased mEPSC amplitude, are dependent on disinhibition and the resultant increase of spontaneous activity. The combination of lowered synaptic modification threshold and enhanced spontaneous activity in V1 of DE animals is predicted to strongly favor the induction of LTP. This prompted us to consider the possibility that the increase in mEPSC amplitude observed following DE may reflect an increase in synaptic AMPA receptor levels due to NMDAR-dependent LTP, rather than synaptic scaling. To ask whether GluN2B function is necessary for the DE-mediated increase in mEPSC amplitude, we administered the GluN2B-specific antagonist Ro 25-6981 (30 mg/kg per day s.c. via osmotic minipump) during normal vision and DE. Ro 25-6981 blocked the DE-mediated increase in mEPSC amplitude and had no effect on mEPSCs in NR mice (one-way ANOVA F(3, 100) = 8.155, P ≤ 0.001) (Fig. 4c,d and Supplementary Table 4 ). This suggests that lowering the synaptic modification threshold with DE enables an NMDAR-dependent increase in AMPA receptor mEPSCs. Notably, these results also rule out a role for synaptic scaling in increasing mEPSC amplitude during DE, as changes in synaptic strength due to synaptic scaling are independent of NMDAR activation 13 .
Extreme reduction of firing rates increases mEPSC amplitude.
Our visual deprivation model differs significantly from conditions originally used to describe NMDAR-independent synaptic upscaling, in which action potential generation was completely blocked with tetrodotoxin 13 . We therefore hypothesized that an extreme reduction in neuronal firing rates in vivo would modify mEPSC amplitude via synaptic scaling. To test this hypothesis in vivo, we increased tonic inhibition in the cortex by administration of THIP, a potent agonist of extrasynaptic δ -subunit-containing GABA receptors 40 . 
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THIP administration (10 mg/kg i.p.) strongly reduced spontaneous activity in V1 (Wilcoxon signed rank test Z(15) = 3.517, P ≤ 0.001) ( Supplementary Fig. 3a) , as well as burst frequency (two-tailed paired t test t(15) = 9.508, P ≤ 0.001) and non-burst firing rate (Wilcoxon signed rank test Z(15) = -3.516, P ≤ 0.001) ( Supplementary  Fig. 3c,d) . THIP reduced spontaneous activity to a significantly greater extent than did diazepam ( Fig. 5a ) (diazepam: 70.0 ± 7.3% of baseline; THIP: 26 ± 3.0%; U(44) = 22.0, P ≤ 0.001, Wilcoxon rank sum test). This extreme reduction in activity was accompanied by an increase in mEPSC amplitude in both NR and DE animals (oneway ANOVA F(3, 116) = 13.991, P ≤ 0.001) (Fig. 5b,c) . Furthermore, THIP produced a larger increase in mEPSC amplitude in DE than in NR controls (Holm-Sidak post hoc P ≤ 0.001) (Fig. 5b,c and Supplementary Table 5 ). These results are in accordance with the predictions of the synaptic scaling model of homeostatic plasticity. Together, this suggests that there are two distinct mechanisms of homeostatic plasticity in vivo that depend on the magnitude of the change in neuronal spike rate: moderate changes in firing rates engage the sliding threshold and subsequent NMDAR-dependent plasticity, whereas more extreme reductions engage homeostatic synaptic scaling. As a further test of this hypothesis, we tested whether THIP-induced scaling was NMDAR independent. We treated DE mice with Ro 25-6981 to block GluN2B-containing NMDARs and administered vehicle or THIP to induce an extreme reduction in spike rate. Blocking GluN2B receptors with Ro 25-6981 did not prevent the increase in mEPSC amplitude induced by THIP (t test t(73) = 5.591, P ≤ 0.001) ( Fig. 5d,e ). Therefore, in contrast to the increase in mEPSC amplitude induced by DE, the increase in mEPSC amplitude observed following extreme reductions in neural activity by THIP is independent of GluN2B activity. Thus, two distinct mechanisms for experience-dependent homeostatic plasticity coexist in vivo and are engaged by different magnitudes of firing rate reduction (Fig. 6 ).
Discussion
Visual deprivation via DE reduces evoked activity in the visual cortex and triggers a compensatory increase in excitatory synapses.
This homeostatic change is predicted by the sliding modification threshold and synaptic scaling models 3, 4 , which also predict that an additional reduction of activity would promote additional homeostatic compensation in synaptic function. In contrast, we found that reducing the spontaneous activity of pyramidal neurons (by enhancing inhibition) during DE actually prevents rather than enhances further compensatory changes. Moreover, increasing spontaneous pyramidal neuron activity (by decreasing inhibition) during a milder form of visual deprivation, BS, lowers the synaptic modification threshold for LTP and increases mEPSC amplitude. In sum, our manipulations of visual input combined with manipulations of spontaneous neuronal activity reveal that (i) changes in overall neuronal firing rate alone are not sufficient to mediate the lowered modification threshold for LTP/LTD nor the increased mEPSC amplitude observed after visual deprivation, (ii) changes in mEPSC amplitude induced by visual deprivation reflect Hebbian potentiation of excitatory synapses enabled by the reduced synaptic modification threshold, and (iii) changes in mEPSC amplitude induced by extreme reductions in neuronal activity reflect NMDAR-independent synaptic scaling. Thus the two mechanisms of synaptic homeostasis, the sliding synaptic modification threshold and synaptic scaling, operate within different ranges of activity, and changes in the spiking output of pyramidal neurons, previously thought to be a consequence of metaplasticity, are a necessary component of the induction process.
The exact changes in neural activity that slide the LTP/LTD threshold remain to be determined. Our data show that it is not simply the overall spike rate. Rather, an increase in spontaneous activity (including bursting) in conjunction with reduced visual input is better correlated with a lowered LTP threshold. As mentioned, DE completely eliminates visual input and rapidly increases spontaneous activity in V1 20, 29 , likely due to a decrease in the output of GABAergic interneurons 19, [28] [29] [30] 41 or increased intrinsic excitability 42 . However, it is unclear how pyramidal neurons could monitor a balance of visual input and spontaneous activity. An attractive possibility is that correlated pre-and postsynaptic firing, which is 
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more frequent during evoked activity, is detected as NMDAR activation to affect the synaptic content of GluN2b 43 and the threshold for the synaptic modification. Concomitantly, overall spike rate (or AMPA receptor activation 24 ) may be monitored to detect extreme decreases in activity and regulate NMDAR-independent synaptic scaling. Finally, we note that in order to manipulate activity we targeted synaptic inhibition. However, changes in GABA A conductance per se are unlikely to directly mediate homeostasis of glutamatergic transmission, as there are no known mechanisms to translate Clflow into intracellular signaling cascades. In contrast, 
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intracellular signaling cascades activated by Ca +2 influx in response to neuronal spiking and activation of glutamatergic synapses are well documented.
We propose that increased mEPSC amplitude following DE is due to NMDAR-dependent potentiation of synaptic strength induced by increased spontaneous activity and reduced LTP threshold, rather than synaptic scaling. Although the fact that mEPSC amplitude after DE increases in a multiplicative manner has been interpreted as scaling of all synapses by the same factor, this may not be the case; sizes of individual spines have been observed to remain unchanged or decrease, even when spine size increases multiplicatively on a population level 20, 25 . Furthermore, the increase in mEPSC amplitude after DE has been found to be non-multiplicative in some cases, such as in 3-month old mice 14 . Although non-homogeneous synaptic changes could also result from local scaling (see ref. 44 ), NMDAR-dependent potentiation is better suited to explaining the circuit-level changes that occur during DE. DE increases the strength of synaptic inputs between highly spontaneously active layer II/III pyramidal neurons, but not the inputs from less spontaneously active layer IV neurons to layer II/III 45 . This observation is incompatible with the synaptic scaling model, as layer IV neurons are less spontaneously active and therefore predicted to be more strongly affected by DE. Many other forms of deprivation, including intraocular tetrodotoxin, enucleation, lid suture, retinal lesion and monocular deprivation, have been reported to upregulate mEPSC amplitude via synaptic scaling 15, [18] [19] [20] 46, 47 . It will be important to determine whether Hebbian plasticity enabled by a reduced synaptic modification threshold and enhanced spontaneous activity also plays a role in these cases. Indeed, metaplasticity has been used to explain the strengthening of non-deprived eye responses observed after prolonged monocular deprivation 36 , and Hebbian plasticity can explain input-specific upscaling in the deprived optic tectum 48 .
Finally, we confirmed that NMDAR-independent synaptic scaling can be recruited, but by manipulations that reduce neuronal activity more severely than sensory deprivation. Together, these findings support a model in which two distinct mechanisms for homeostatic regulation of excitatory synaptic strength coexist in vivo. When cortical activity varies within the normal physiological range, homeostatic changes are mediated by the sliding the synaptic modification threshold for LTP/LTD. When cortical activity is reduced beyond the normal physiological range, homeostatic changes are mediated by synaptic scaling. The existence of two homeostatic mechanisms may be necessary because at very low levels of activity neurons are unable to undergo Hebbian plasticity and are therefore unable to utilize the sliding threshold mechanism 4,5 (Fig. 6 ). The coexistence of distinct homeostatic mechanisms operating at distinct dynamic ranges of activity resonates with the hypothesized necessity of regulation at different timescales 49, 50 and argues that neural homeostasis is achieved through multiple complementary mechanisms.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41593-018-0150-0. 
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